We report the co-assembly and adsorption properties of coacervate complexes made from polyelectrolyte-neutral block copolymers and oppositely charged cerium oxide nanoparticles. We first show that the electrostatic complexation resulted in the formation of stable core-shell aggregates in the 100 nm range. The microstructure of the CeO 2 -based complexes was resolved using cryogenic transmission electronic microscopy, which revealed that the cores were clusters made from densely packed nanoparticles. The adsorption properties of the same complexes were investigated by stagnation point adsorption reflectometry. The adsorbed amount was measured as a function of time for polymers and complexes using anionically charged silica and hydrophobic poly(styrene) substrates. It was found that all complexes adsorbed readily on both types of substrates up to a level of 1 -2 mg m -2 at stationary state. Upon rinsing however, the adsorbed layer was not removed. Combining the efficient adsorption and strong stability of the CeO 2 -based core-shell hybrids on various substrates, it is suggested that these systems could be used appropriately for coating and anti-biofouling applications.
INTRODUCTION
In the context of electrostatic complexation, it has been shown that polyelectrolyte-neutral copolymers exhibited interesting clustering and coating properties. These hydrosoluble macromolecules were found to co-assemble with oppositely charged systems, e.g. with surfactants [1] [2] [3] , polymers [4] [5] [6] [7] [8] and proteins [9, 10] , yielding "supermicellar" aggregates with core-shell structures. As a result, the core of the aggregates was described as a dense coacervate microphase comprising the oppositely charged species. Made from neutral blocks, the corona was identified as surrounding the cores and related to the stability of the whole colloid. In the present paper, the same type of formulations were conducted 7 nm cerium oxide nanoparticles (CeO 2 , nanoceria). Nanoceria were considered because of their potential applications in catalysis [11, 12] , polishing and coating technologies [13] as well as in biology [14, 15] . The main goal of the present survey was to search for synergistic complexation effects in the context of coating and antibiofouling applications. Cohen Stuart and coworkers have shown that electrostatic complexes made from oppositely charged polyelectrolytes could be efficiently adsorbed on charged hydrophilic and on hydrophobic surfaces, such as silica and poly(styrene) respectively [6, 7, 16] . These authors have also demonstrated the stability of the deposited layer upon rinsing, and its remarkable anti-fouling properties with addition of proteins [6, 7, 16] . The approach followed here has consisted to extend the adsorption measurements to new types of electrostatic complexes, namely to complexes built from anionically-coated cerium oxide nanoparticles and cationic-neutral block copolymers [17, 18] .
EXPERIMENTAL
For the electrostatic complexation, we have used poly(trimethylammonium ethylacrylate methylsulfate-bpoly(acrylamide) block copolymer, hereafter noted PTEA 11K -b-PAM 30K and cerium oxide nanocrystals. Light scattering performed in the dilute regime of concentrations have revealed hydrodynamic diameter D H = 11 nm and 8.6 nm, respectively [19] . Cryo-TEM images of single nanoparticles are displayed in Fig. 1a . An image analysis has allowed us to determine the size distribution function which was log-normal with median diameter D = 6.9 ± 0.3 nm and polydispersity s = 0.15. Nanoceria were coated by PAA 2K using the precipitation-redispersion pathway recently described in the literature. Quantitative determinations using small-angle scattering experiments and chemical analysis have disclosed a brush comprising ~ 50 PAA 2K chains adsorbed at the interfaces [20] . A cryo-TEM image of the PAA 2K -coated nanoceria is displayed in Fig. 1b . This technique revealed isolated particles with size and size distribution identical to those obtained for the bare acidic particles. Mixed solutions of nanocolloids and copolymers were prepared by simple one-shot mixing of dilute solutions prepared at the same concentration c (c ~ 1 wt. %) and same pH .
The amount of adsorbed polymers and coacervates deposited onto silica or poly(styrene) (PS) surfaces was monitored using Stagnation Point Adsorption Reflectometry (SPAR) [21] . Fixed angle reflectometry measured the reflectance at the Brewster angle on the flat substrate. A linearly polarized light beam was reflected by the surface and subsequently splitted into a parallel and a perpendicular component using a polarizing beam splitter. As material adsorbed at the substrate-solution interface, the ratio S between the parallel and perpendicular components of the reflected light varied. The system was analyzed in terms of Fresnel reflectivities for a multi-layer system (substrate, coating, adsorbed layer and solvent), where each layer was described by a complex refractive index and a layer thickness. At the stagnation point the hydrodynamic flow was zero leading to diffusion-limited exchanges between the injected solution and the collecting surface.
Hydrophilic silica substrates were modeled using smooth silicon wafers covered with a layer of ~ 100 nm SiO 2 . Hydrophobic poly(styrene) substrate was modeled by a poly(styrene) thin layer of ~ 100 nm deposited on top of an HMDS (hexamethyldisilizane) functionalized silicon wafer by spin-coating a toluene solution (2.5 wt. %) at 5000 rpm. 
RESULTS

Cryo-TEM
Cryo-TEM was also performed on CeO 2 -PAA 2K /PTEA 11K -b-PAM 30K dilute sample, and an illustration of the hybrid aggregates is provided in Fig. 1c  (lower panel) . The photograph covers spatial field that is 0.36×0.50 µm 2 and displays clusters of nanoparticles [19] . A large visual field was shown here in order to stress that the clusters were dispersed in solutions, a result which was consistent with the visual observations of the solutions. A closer inspection revealed that the aggregates were slightly anisotropic, with a fixed diameter around 20 nm and slight polydispersity in length and morphology. Elongated and branched aggregates were observed too in Fig. 1c , with length comprised between 20 and 100 nm [18] . Fig. 2 show the concentration dependences of the Rayleigh ratio for CeO 2 -PAA 2K /PTEA 11K -b-PAM 30K formulated at c = 1 wt. %. A linear variation was found down to a concentration of 10 -4 wt. %. Contrary to the data of the organic complexes [17, 18] , Fig. 2 did not exhibit a drop of the intensity upon dilution. For this sample, dynamic light scattering has revealed a slightly polydisperse diffusive relaxation mode associated with hydrodynamic diameters D H = 100 ± 10 nm. In Fig. 2 , the scattering intensities obtained from unassociated nanoparticles and polymers were shown for comparison (thick line). The observation of a linear dependence down to the lowest concentration available, and well above the unassociated state supports the assumption that the hybrids are stable toward dilution, and that their critical association concentration is below 10 -4 wt. %. For the organic complexes discussed in Refs. [17, 18] , the critical association concentration was of the order of 10 -2 wt. %.
Critical Association Concentration
Figure 3 :
Adsorption kinetics for PTEA 11K -b-PAM 30K block copolymers on poly(styrene) substrate as received from stagnation point adsorption reflectometry. Measurements were performed with dilute solutions at c = 0.1 wt. %. Inset : adsorption kinetics for poly(acrylamide) molecular weight 10 000 g mol -1 operated in the same conditions. In both experiments, rinsing with de-ionized water did not remove the polymer layer.
Adsorption kinetics for polymers
Adsorption kinetics was first monitored on silica and poly(styrene) model substrates using PTEA 11K -b-PAM 30K polymeric solutions. In dilute solutions, the copolymers are considered as dispersed and non-aggregated. On anionically charged silica surfaces, PTEA 11K -b-PAM 30K were found to adsorb up to a value of Γ ST = 0.8 mg m -2 . This adsorption was most likely due to the electrostatic attractive interactions between the opposite charges coming from the cationic polyelectrolyte blocks and the surface. A subsequent rinsing with de-ionized water did not remove the copolymer layer. In the case of a hydrophobic PS surfaces, adsorption was found at a lower level however than on silica surfaces (Γ ST = 0.4 -0.6 mg m -2 ). This is a surprising result since in the case a strong polyelectrolyte on an uncharged surface, electrostatics is not expected to contribute to the adsorption energy. In order to understand this phenomenon, reflectometry was also carried out in the same conditions on the different homopolymers with comparable molecular weights, namely PTEA and PAM [18] . On hydrophobic PS surfaces, poly(acrylamide) with molecular weight 10 000 g mol -1 was the only polymer to adsorb spontaneously at a low but significant level (Γ ST = 0.5 mg m -2 , inset in Fig. 3 ). Again, in this particular case no desorption occurred on rinsing. One possible explanation is the release of water molecules trapped in a frozen-like structure close to the hydrophobic surface [7] .
Adsorption kinetics for Hybrid Coacervates
Figs. 4 show the adsorption properties of the hybrid coacervates CeO 2 -PAA 2K /PTEA 11K -b-PAM 30K on silica and on PS substrates. The two sets of data exhibit the same behavior : after an adsorption process at a level 0.8 -1.4 mg m -2 , no desorption occurred upon rinsing. We explain the absence of desorption observed here as a consequence of the strong stability of the polymer-particle hybrids upon dilution, a result that was already emphasized in a previous report, and also by light scattering. Clearly, the existence of a very low critical aggregation concentration for the particle-polymer hybrids (below 10 -4 wt. %) guarantees the integrity of the deposited layer on the two substrates [17, 18] . 
CONCLUSION
We have investigated the bulk and surface properties of mixed aggregates resulting from the co-assembly between cerium oxide nanoparticles and block copolymers. Cryo-TEM observations have disclosed unambiguously the cluster-like microstructure of the hybrid aggregates. These results compare very well to those found recently on oxide nanoparticles coated with citrates counterions [19] . The SPAR measurements have shown that organic and hybrid aggregates adsorbed readily on model substrates. At steady state, the adsorbed amount attained values of the order of 1 -1.5 mg m 2 , which correspond to a single and densely packed monolayer of colloids. SPAR experiments were also performed with the copolymers alone, as well as with the homopolymers from which these copolymers were composed. From these tests, it was recognized that poly(acrylamide) with molecular weight 10 K adsorbed spontaneously on PS, a result that was not reported for this substrate. This latter findings was important since it allowed us to conclude that the adsorption of the coacervates was primarily driven by that of the PAM corona.
